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This  report  was  prepared  by  the  Aerophysios  Devel- 
opment Corporation  under  U.S.  Air  Force  Contract  Number 
AF  33(616 )-37.  This  la  the  third  progress  report  of  the 
work  oompleted  by  10  October  1958  under  the  research  and 
development  contract  identified  by  Expenditure  Ordei*  No. 
R-467-4  BR-1,  The  report  is  the  third  of  a aeriesyto  be 
issued  on  this  project,  the  first  having  been  submitted 
on  1 April  1952,  the  second  on  24  July  1952  and  the 
fourth  and  final  progress  report  due  on  24  January  1953. 
Two  teohnioal  reports  have  been  submitted  besides  the 
above  teohnioal  reports,  one  on  26  August  1952  and  the 
other  on  18  October  1952. 

Inoluded  among  those  who  cooperated  in  these  pre- 
liminary studies  is  E.  L.  Kumm,  who  assisted  with  the 
oombustion,  heat  transfer  and  fuel  control  system. 
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ABSTRACT 


The  final  performance  analysis  of  the  supersonic  Pulse- 
Det-Jet  is  given  in  this  report.  The  performance  of  the  en- 
gine given  in  this  report  represents  a revision  of  the  pre- 
vious results  given  in  Reference  1.  These  final  computations 
include  the  new  ideas  of  scavenging  flow  and  minor  jorreotions 
to  the  computations*  The  performance  as  presented  in  its 
final  form  here  does  not  substantially  differ  from  the  results 
given  in  the  last  progress  report  (Reference  1).  The  curves 
of  the  drag  coefficient  of  a typical  supersonic  long  range 
missile  show,  as  before,  that  four  36”  diameter  engines  have 
enough  reserve  pov/er  to  propel  the  missile  through  sonic  flight 
velocities  and  up  to  a flight  Mach  number  of  2.80* 

In  addition  a unit  small  enough  to  be  mounted  on  the  blade 
tip  of  a helicopter  was  analysed.  This  unit  has  a maximum 
diameter  of  8^"  with  combustion  tubes  6"  long  and  ranging  in 
diameter  from  0.60"  to  0.25".  The  total  weight  of  one  unit 
is  approximately  35  pounds.  The  basic  difference  of  this  smaller 
unit  and  the  large  unit  previously  described  is  the  method  of 
ignition  of  the  fuel.  It  is  doubtful  if  detonation  can  be 
supported  in  such  tubes.  But,  on  the  other  hand,  since  the 
tubes  are  composed  of  ceramic  materials  and  are  unoooled  the 
combustion  is  achieved  rapidly  by  surface  combustion  from  the 
hot  walls  of  the  ceramic  tubes,  the  combustion  proceeding 
radially  inward  in  the  tube. 

This  jet  unit  of  8£"  diameter  produces  a thrust  of  110  lbs 
at  a maximum  temperature  of  200Q°F  and  has  a specific  fuel  con- 
sumption of  1.65  / Lft  of  thrust.  Important  performance  points 

are  given  in  the  following  table. 


TEMPERATURE 

STATIC  THRUST 

STATIC  SPECIFIC 
FUEL  CONSUMPTION 

a 

*1 

Pounds 

Pounds  Per  Hour 
Per  Pound  of  Thrust 

1500 

75 

1.31 

Cruising 

93 

1.32 

Temperature  1800 

2000 

110 

1.33 

Temperature 

135 

1.46 

of  Max.  Power 
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The  Multi-Jet  engine  promises  to  he  a very  simple  and  in-  ' 
expensive  jet  unit  suitable  particularly  for  helioopters  and 
other  subsonic  aircraft  and  missile  applications.  Preliminary 
design  studies  indicate  that  although  the  speolflo  fuel  con- 
sumption of  the  Multi- Jet  is  more  than  that  of  the  reciprocating 
engine  , the  much  lower  weight  makes  it  possible  for  a Multi- 
Jet  propelled  helicopter  to  carry  more  payload  for  long  as  well 
as  short  range  operations. 
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INTRODUCTION 


Two  technical  reports  have  "been  published  on  the 
Multi-Jet  engine  (References  0 and  4).  These  two  re- 
ports describe  in  detail  the  operation  and  the  perform- 
ance of  the  Multi-Jet  engine  utilizing  as  ignition  souroe 
the  hot  ceramic  v;alls  of  the  tubes  with  the  burning  pro- 
ceeding rudlally  in  the  tubes. 

The  performance  computations  of  the  supersonic 
Pulse-Det-Jet  utilizing  detonation  are  revised  and  these 
are  described  in  detai  1 in  this  report.  The  method  of 
computation  of  these  final  results  is  similar  to  that 
used  in  the  previous  progress  report  (Reference  1)  and 
the  method  i3  reported  in  full  detail  here,  including 
tabular  data. 

The  description  of  the  experimental  investigation 
given  in  the  previous  report  (Reference  1)  is  amplified 
t nd  continued  In  this  report 
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SECT I OR  I 

FITAI  PERFORMAKCE  AHALYJIo  OF  OUPERiiOKIC  EKGIJiE 


1*1  General 

The  last  progress  report  (Reference  1}  gave  the  oomplete 
description  and  the  performance  of  an  engine  suitable  for  super- 
sonic flight.  This  engine  was  able  to  produce  (a)  static  thrust 
oomparable  to  a turbo  Jet  but  its  efficiency  was  not  as  good  and 
(b)  supersonic  thrust  comparable  to  a ram  Jet  but  at  a much 
better  specific  fuel  consumption* 

In  computing  the  performance  of  the  engine  as  described  in 
Reference  1,  various  assumptions  were  made.  These  were: 

(1)  Burning  time  was  0.0015  seconds 

( 2 ) A Mach  number  of  1.0  was  assumed  for  the  scavenged 
gases  as  they  are  discharged 

(3)  The  following  diffuser  efficiencies  were  used: 


Speed 

0 £ M0  £ 1.0 

Mq  s 2 

M * £.80 
o 


Total  Pressure  Ratio 
1.00 
0.95 
0.65 


(4)  The  thrust  was  computed  from  only  the  impulse 

obtained  (a)  from  the  high  pressure  sonic  discharge 
of  the  burnt  gases  through  the  open  end  of  the 
tubes  with  no  nozzle  expansion  considered,  (b) 
from  the  discharge  of  the  remaining  burnt  gases 
during  soavenging. 

The  impulse  of  the  intake  air  was  subtracted  from  the  above  im- 
pulses to  give  the  net  impulse.  The  flow  during  the  discharge 
or  expansion  phase  was  assumed  to  issue  at  a Mach  number  of  1,0 
and  no  expansion  was  considered.  Any  reaction  of  the  pressures 
on  the  solid  portions  between  the  tubes  was  neglected,*  It  is 

- 1 - 


RESTRICTED 


RESTRICTED 


PREPARE  0 HV 

AEROPHYSICS  DEVELOPMENT  CORPORATION 

CHECKED  HV 

P 0 BOX  657.  PACIFIC  PALISADES,  CALIFORNIA 

DAT 

10-24-52 

expected  that  a pressure  greater  than  atatio  pressure  la  obtained 
in  the  outlet  duct  of  the  whole  engine. 

A study  was  made  of  these  assumptions  to  see  if  they  oould 
be  improved  and  what  was  the  effect  of  any  charges. 

1.2  Assumptions 

It  we.3  felt  that  the  burning  time  used  was  as  good  an  assump- 
tion as  can  be  made  at  this  time.  It  is  hoped  that  future  exper- 
imental results  in  the  literature  will  throw  more  light  on  this 
phase  of  the  cycle. 

A better  consideration  for  the  scavenge  flow  is  given  for 
the  lower  flight  I.&ch  numbers.  For  these  oases  it  was  felt  that 
the  exit  velocity  for  the  remainder  of  the  burnt  gases  was  assumed 
to  be  too  high  and  therefore,  gave  an  impulse  that  v/as  too  great. 

It  will  be  assumed  that  this  flow  is  discharged  at  a velocity 
equal  to  the  inlet  velocity  of  the  fresh  fuel-air  mixture  entering 
the  tube  at  the  front  end.  This  would  be  true  for  the  lower  Mach 
numbers  0—  MQ  < 1.0. 

Consider  a tube  just  at  the  end  of  the  discharge  or  expansion 
phase.  The  pressure  in  the  tube  drops  to  the  total  pressure  of 
the  inlet  flow  at  which  tir,  e the  inlet  valve  is  opened.  The 
inlet  flow  travelling  at  a I.iaoh  number  M0  has  been  brought  to 
rest  at  the  mouth  of  the  tube  while  it  was  closed.  .*  aanv/hile, 
at  the  exit  of  the  tube,  the  ambient  static  pressure  is  lower  than 
the  pressure  in  the  tube,  which  is  equal  to  total  pressure  of  a 
flow  of  I.iaoh  number  V * The  conditions  here  are  similar  to  the 
subsonic  flow  surrounding  an  airfoil,  i.e.  total  pressure  at  the 
stagnation  point  on  the  leading  edge  and  static  pressure  at  the 
trailing  edge.  Therefore,  in  the  tube  the  remainder  of  the  burnt 
gases  continue  to  flow  out  of  the  tube.  This  flow  map  he  compared 
to  the  steady  flow  of  air  in  a stream  tube  towards  a stagnation 
point  and  then  away  from  the  stagnation  point. 

In  computing  the  impulse  produced  by  the  ejection  of  the  re- 
mainder of  the  burnt  gase3  during  the  scavenging  phases  the  exit 
velocity  is  assumed  to  be  the  same  as  the  inlet  velocity  of  the 
new  fuel-air  mixture.  This  will  be  true  for  the  subsonic  flight 
Maoh  numbers,  i.e,  0 £ M0  <£  1.0, 

For  the  supers onio  I.iaoh  numbers  it  will  be  seen  that  the 
total  pressure  in  the  tube  will  be  sufficiently  high  to  produce 
sonic  exit  velocity  during  scavenging.  At  supersonio  flight  speeds 
the  pressure  in  the  tube  during  scavenging  and  immediately  after 
the  discharge  phase  will  be,  at  first,  low,  then  after  the  pressure 
wave  from  the  opening  action  of  the  inlet  arrives,  the  pressure 
is  increased.  This  oan  be  seen  in  Figures  5 and  6 in  Reference  1, 
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The  performance  computations  are  carried  out  in  Appendix  I 
and  are  tabulated  in  Tables  I and  II*  The  curves  for  the  thrust, 
specific  fuel  consumption,  specific  thrust  and  thrust  per  unit 
maximum  frontal  area  are  given  in  Figures  4,  5,  6,  and  7. 

The  drag  coefficient  of  a typical  large  missile  is  plotted 
on  Figure  !7{a)  in  Reference  1*  This  missile  has  a ground  launch 
weight  of  52,000  pounds  with  a wing  area  of  425  square  feet. 

Four  engines  are  required,  each  having  an  outside  diameter  of 
36"  and  each  weighing  about  1,000  pounds  for  a total  engine  weight 
of  4,000  pounds  which  i3  about  half  that  of  turbo- Jets  with  after- 
burner having  the  same  thrust  at  high  supersonic  speeds.  It  will 
be  noted  in  Figure  8 that  this  system  has  sufficient  excess  thrust 
to  accelerate  through  M « 1.0  at  sea  level  by  operating  at  a max- 
imum oyole  temperature  of  about  3,2QQ°F.  The  minimum  cruising 
speed  at  h • 35,000  feet  will  be  &0=l  «0  for  Tmax  = 2540°F.  Sim- 
ilarly at  5,000  feet,  this  system  has  sufficient  thrust  to 
accelerate  through  M » 1 and  accelerate  to  II  s 2,80  by  operating 
at  Tmax  = 3350°F,  Figure  9 gives  the  minimum  flight  velocity 
( or  take-off  velocity). 

The  maximum  cross-sectional  diameter  of  the  engine  is  36 
inches,  the  length  is  55  inohes.  The  oross-sectional  area  of  the 
combustion  tubes  i3  506  square  inohes  or  51. 5C/;  of  the  maximum 
oross-sectional  area  of  the  engine.  There  are  six  ooncentrio 
rows  of  32  tubes  each.  The  diameters  of  the  tubes  decrease  from 
the  outer  to  the  inner  circle  and  they  are  2.62",  2.22" , 1.87", 
1.50",  1.23",  and  1.02".  The  length  of  the  tubes  are  15" . The 
total  weight  of  the  engine  is  approximately  950  lbs. 
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SECTION  II 

ANALYSIS  OF  THE  SUBSONIC  ENGINE 


2*1  Introduction 

Two  techniofil  reports  have  been  written  on  the  preliminary 
analysis  of  an  engine  suitable  for  helicopter  rotor  propulsion* 

A typical  engine  is  described  having  an  external  diameter  of  8^; 
inches,  an  overall  length  of  about  16  inches  with  500  of  the  max- 
imum area  as  combustion  tube  area.  The  tubes  are  made  of  a cer- 
amic material  suitable  to  withstand  the  internal  pressures  at 
high  wall  temperatures. 

The  basic  difference  between  this  engine  and  the  supersonic 
engine  is  the  method  of  ignition  of  the  fuel.  Since  the  tubes 
are  of  such  a small  diameter  and  length,  it  is  doubtful  if  deton- 
ation can  be  initiated  or  even  supported  under  such  conditions. 

On  the  other  hand,  by  taxing  advantage  of  t.Ae  .ignition  and  flame- 
holding qualities  of  the  hot  walls  of  a ceramic  tube  tnis  diffi- 
culty oan  be  overcome.  References  5 and  6 describe  a method  of 
burning  at  very  high  rates  of  mass  flow  -.d  thin  ceramic  burners. 

In  reference  5 at  the  University  of  Michigan  very  nigh  values  of 
heat  release  per  cubic  foot  of  combustion  chamber  space  was  ob- 
tained by  burning  a stream  of  fuel  mixture  travelling  at  very 
large  velocities  through  the  burner.  In  Reference  6 at  tne  Gas 
Researoh  Board  very  high  values  of  heat  release  per  cubic  foot 
of  combustion  chamber  space  were  also  obtained.  The  flow  velocity 
in  Reference  6 is  of  the  same  magnitude  no  tnat  in  present  ram 
jet  burners,  but  much  shorter  combustion  chamber  lengths  were 
used.  In  Reference  5 the  main  improvement  of  the  oerumic  burner 
over  the  present  normal  burners  is  due  to  the  very  high  velocity 
employed  in  the  burner  tests. 

It  is  proposed  to  make  uss  of  this  phenomenon  of  surface  com- 
bustion, If  it  turns  out  that  the  mechanism  of  burning  is  ob- 
tained through  a series  of  explosions  then  by  careful  design  of 
the  tube  lengths  and  diameters  it  will-  be  possible  to  tune  the 
opening  a nd  closing  of  the  valves  to  the  frequency  of  the  explos- 
ions. Further  experimental  investigation  is  needed  to  olarify 
the  burning  phase  and  to  obtain  more  information  with  which  the 
combustion  tube  sizes  oan  be  determined,  Jection  5 describes  the 
proposed  experiments  more  fully. 


- 10  - 

RESTRICTED 


RESTRICTED 


PREPARED  PV 


CHECKED  B> 


AEROPHYSICS  DEVELOPMENT  CORPORATION 


E I’Or-  T N. ) 


l-/ 'A  If 

P 0 BOX  657.  PAC.FIC  PAl  iSADFS,  CALIFORNIA  10-24-52 


Three  of  thaoe  8 inch  diameter  engines  with  a tip  speed  of 
600  feet  per  seoond  are  capable  of  supplying  enough  power  to 
propel  a 3600  pound  gross  weight  helicopter  including  a 1200  pound 
payload  (including  pilot).  The  onduranoe  of  this  machine  w®uld 
be  about  7,0  hours  at  full  load  or  about  6.2  hours  with  no  pay- 
load. It  is  expected  that  helicopters  propelled  with  the  L'ulti- 
Jet  will  be  able  to  compete  quite  favorably  with  the  piston  driven 
helicopter  as  well  as  making  the  overall  construction  much  sim- 
pler and  cheaper, 

A full  description  of  the  jet  uxiit  and  a comparison  of  var- 
ious helicopter  drive  systems  is  given  in  References  d and  4. 
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SECTION  III 

EXPERIMENTAL  INVESTIGATION 


3*1  Detonation 

The  detonation  experiments  were  continued  in  the  shook  tube 
as  described  in  the  lest  progress  letter  (see  Figure  22  in  Refer- 
ence 1). 

Various  ethylene-air  mixtures  were  introduced  into  the  ex- 
pansion chamber  and  their  combust  ability  or  ignitability  was 
proved  by  their  ignition  by  means  of  a spark.  This  spark  was 
obtained  by  means  of  a small  ignition  system  user,  on  the  small 
model  airplane  gas  engines.  The  ethylene  and  air  were  introduced 
separately  into  the  expansion  chamber  and  were  thoroughly  mixed 
by  means  of  a plunger  which  was  passed  through  the  tube  a few 
times*  "»/hen  tne  mixture  was  ignited  with  the  3park  a very  weak, 
muffled  pop  was  heard  and  a very  dull,  blue  flame,  tinged  with 
orange,  was  noticed  issuing  from  the  end  of  the  tube.  During 
these  Ignition  tests,  a single  oellophane  diapnragm  was  placed 
in  its  usual  position  in  the  shock  tube  and  a single  sheet  was 
tied  to  the  end  of  the  expansion  tube.  The  pressure  obtained 
due  to  the  ignition  was  barely  able  to  blow  off  the  piece  of 
oellophane  on  the  end  of  the  tube,  while  tiie  diaphragm  was  un- 
broken. After  each  ignition  the  tube  was  blown  out  by  allowing 
compressed  air  to  pressurize  the  compression  chamber  and  rupture 
the  single  sheet  of  cellophane  clamped  in  the  diaphragm  position. 

The  ne.vt  step  was  to  determine  which  of  the  above  mixtures 
that  proved  to  be  ignitable  by  moans  of  a spark  could  be  detonated 
by  means  of  a shock  wave.  The  fuel-oxygen  in  the  ethylene-air 
mixture  was  in  the  same  range  of  ratios  as  those  used  by  Shepherd 
in  his  experiments  on  ethylene-oxygen  reported  in. Reference  7. 
These  fuel-air  mixtures  oould  not  be  detonated  by  means  of  a 
shook  wave.  Pressures  up  to  100  psi  were  used  in  the  compression 
chamber  producing  shook  waves  with  a pressure  ratio  of  2.5.  It 
was  deduced  then  that  the  shock  waves  were  not  strong  enough  to 
detonate  the  ethylene-air  mixtures.  Since  it  was  impossible  to 
obtain  higher  pressures  with  the  present  air  supply,  stronger 
waves  were  not  produced. 

It  was  then  decided  that  the  experiments  of  Shepherd  (Ref- 
erence 7)  should  be  repeated.  He  found  that  an  18 fo  mixture  of 
ethylene  and  oxygen  could  be  detonated  by  means  of  a shook  wave 
having  a pressure  ratio  of  1.80  (produced  in  a shock  tube  having 
a compression  chamber  pressure  of  65  psi.) 
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In  our  experiments  the  air  in  the  expansion  ohamber  was 
displaced  by  allowing  trie  oxygen  to  flow  through  the  tube  for  a 
few  minutes*  The  tube  was  then  closed  and  the  ethylene  wnB  allow- 
ed to  flow  into  the  expansion  chamber.  The  gases  v/ere  then  thor- 
oughly mixed.  Again  shook  waves  up  to  a pressure  ratio  of  2.50 
did  not  detonate  the  ethylene -oxygen  mixtures.  It  was  not  clear 
why  Shepherd’s  results  could  not  be  duplicated.  To  determine  if 
the  mixture  was  combustible,  the  spark  was  again  used  to  ignite 
the  mixture.  ' 

On  ignition  with  the  spark  the  mixture  ignited  and  burned 
with  explosive  violence.  It  was  deduced  that  detonation  had 
occurred.  The  expansion  ohwnber  was  feet  long  and  2 inches 
in  diameter.  A tube  4”  in  diameter  surrounded  the  end  of  the  ex- 
pansion chamber  to  collect  the  exhaust  gases  and  duct  them  out 
of  the  room.  This  4"  tube  which  was  made  of  galvanized  sheet 
iron  was  blown  apart  by  the  explosion.  It  was  from,  this  obser- 
vation that  it  was  deduced  that  detonation  had  occurred,  A better 
method  of  detecting  a detonation  wave  is  needed. 

The  experiments  in  detonation  have  been  discontinued  until 
moro  air  pressure  can  be  obtained  to  produce  stronger  shock  waves. 

3.2  Ceramic  3urner  Tests 


Very  simple  burner  tests  have  been  set  up  to  test  the  surface 
combustion  in  several  different  kinds  of  ceramic  tubes.  The 
purpose  of  tnese  tests  is  to  determine  the  actual  conditions  in 
a tube  having  a size  which  more  closely  approximates  the  tubes 
being  used  in  the  Multi- Jet. 

The  parameters  being  measured  are  air  flow,  fuel  flow, 
inlet  temperature , outlet  temperature  and  tube  temperature.  Ethy- 
lene will  be  used  in  the  first  experiments.  Minimum  wall  temp- 
eratures required,  to  start  the  high  mass  flow  burning  wL  11  be 
investigated.  Ignition  limits  of  the  fuel-air  ratios  will  be 
determined. 

1 2 

Various  ceramics  will  be  tried  such  as  Carbofrax  , Ctupalith  , 
Metamio  , and  other  materials  that  are  available.  The  durability 


1.  A bonded  silioon  carbide  refectory  supplied  by  the  Carborundum 
Co.,  Refraotories  Division,  Perth  Amboy,  New  Jersey 

2.  A lithium  alumino-silioate  composition  supplied  by  3tupakoff 
Ceramic  and  Manufacturing  Co.,  Latrobe , Pennsylvania 

3.  An  aluminum  oxide  material  with  cobalt  binder  supplied  by  the 
Haynes  Stellite  Company,  Division  of  Union  Carbide  and  Carbon 
Corporation,  725  3.  Lindsay  St.,  Kokomo,  Indiana 
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and  the  resistance  to  abrasion  vA.  11  he  ohecked  for  these  various 
materials  and  also  their  resistance  to  thermal  shook* 

The  equipment  for  these  tests  is  being  assembled  and  the 
tests  will  be  under  way  shortly* 
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The  computations  of  Tables  I and  II  give  the  performance 
calculations  for  a 36"  diameter  Lulti-Jet  operating  under  an 
actual  cycle,  Lost  of  the  headings  are  self-explained.  Table  I 
gives  the  supersonic  perf ormance  computations  while  Table  II 
gives  the  subsonic  perform ance  computations . The  numerical 
subscripts  refer  to  the  flow  conditions  luring  tiio  different 
phases  of  the  cyole.  Referring  to  Table  I and  figure  lt  the 
subscript  "o”  refers  to  the  ambient  conditions  of  the  flow; 

’’l”  refers  to  the  flow  conditions  of  trie  cluot  flow  during  sca- 
venging; "2”  refers  to  the  flo w conditions  after  the  passage 
of  the  shook  wave;  "5”  refers  to  the  conditions  in  the  closed 
combustion  chamber  after  burning  i3  completed  and  just  before 
discharge.  The  primed  symbol  is  used  to  denote  t.ie  flow  con- 
ditions of  the  same  inlet  phase  after  the  flow  has  arrived  at 
the  rear  of  the  tube  and  has  been  influenced  by  the  frictional 
forces  in  the  duct.  It  will  be  noted  that  % " 0,6  for  all 
cases  and  the  tube  diverges  at  a small  angle  in  order  to  keep 
Up  * constant  throughout  the  length.  Column  18  gives  the  average 
density  of  the  fuel-air  mixture  in  the  tube.  Column  IV  gives 
the  ideal  total  weight  of  air  trapped  in  the  tube.  The  weight 
of  air  per  cycle  must  still  be  reduced  by  a correction  factor 
that  is  determined  from  the  opening  and  closing  times  of  the 
valves.  The  total  pressure  obtained  in  tne  tube  must  be  reduced 
by  this  correction  faotor.  Tables  I and  II  are  similar  up  to 
column  19.  In  Table  I (for  the  supersonic  case)  column  20  gives 
the  expansion  ratio  of  the  high  pressure  gases  during  the  dis- 
charge phase  for  the  supersonic  flight  velocities  11  ^ 1.00, 

The  impulse  during  the  discharge  phase  for  tne  va ficus  expansion 
ratios  of  Column  20  for  a_given  total  pressure  ratio 
is  plotted  in  Figure  2.  These  curves  ax*e  ootained  from  Figures 
29  and  32  of  Reference  2,  The  given  flight  Mach  number  deter- 
mines the  final  pressure  during  discharge  given  by 

P.  ±1  P/ 

2(  2-/7) 

for  the  supersonic  Maoh  numbers.  Then  in  figure  29,  (Reference 
2)  P/P7 would  correspond  to  oolumn  20.  From  Figure  29  (Reference 
2)  for  a given  maximum  cycle  pressure  and  the  value  of  column 
20,  the  value 

pi  SC  H A N $.3 
VoL 

is  obtained.  For  the  given  pressure  ratio 

P«  £R 
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on  Figure  32  (Reference  2)  the  value  of 

^disch 

VoL 

found  on  Figure  29  (Reference  2)  is  used  to  find  the  out-off 
point  on  the  thrust  curve.  The  area  is  found  under  the  thrust 
curve  between  the  limits 


O to  ^ DISCH  A N ^3 
Vou 

(given  by  Figure  29,  Reference  2)  and  plotted  on  Figure  2 for 
the  given  value  of  MQ.  In  this  way  the  curves  for  !«_  « 2.80, 
2.00  and  1.00  were  obtained  for  Figure  2,  From  Figure  2 column 
21  of  Table  I is  obtained.  By  integration  of  the  curve  of 
Figure  30  (in  Reference  2}  from  'C  « 0 to  12  = Couch  (i.e. 

the  value  of  T found  from  Figure  29  (Reference  2)  using 
P‘/p7  * column  20)  gives  the  percentage  of  air  discharged 

during  the  thrust  phase  (while  the  pressure  dropped  from  to 

p.  p,1  . 

(P,+P,')II7 

This  can  be  se3n  from  the  following  equation  where  w i3  the 
weight  flow  in  lbs/seo. 


JUJ- 


ol  AciaewiAwQa 

Vol 


/ 


JULT- 


cCT, 


&I9CH 


Vol  . ^ 

where  J^rctr0,u:h  is  the  weight  of  air  discharged  and  l Vol) 
is  the  total  .veight  of  air  contained  in  the  tube  before  discharge, 
Column  23  gives  the  percentage  of  air  discharged  while  24  gives 
the  weight  of  the  remaining  air.  Since  the  gases  are  expanded 
isentropioally  in  the  tube  during  the  discharge  phase,  the  total 
temperature  at  the  end  of  discharge  is  given  in  column  26.  From 
the  value  of  the  total  temperature  in  the  tube  the  velocity  of 
sound  at  a nozzle ,(di s charging  at  sonic  velocity)  can  be  found. 
This  is  the  velocity  of  the  remainder  of  the  burnt  gases  during 
scavenging  and  is  given  by  column  27.  The  value  of  /V%cav  for 
oolumn  28  is  obtained  from  Figures  5 and  6 in  Reference  1.  The 
impulse  of  the  scavenged  gases  as  they  are  discharged  is  given 
in  two  parts.  The  gases  first  issue  at  a low  nozzle  pressure  s 

P,  + R / 

2x2/7 


After  the  pressure  effeots  from  the  front  valve  reach  the  exhaust, 
the  gases  issue  at  a higher  pressure  » • -approximately 

i of  the  remainder  of  the  gases  leaves  at  the  low  pressure,  the 
other  3/4  leaves  at  the  higher  pressure.  It  was  assumed  that 
the  nozzle  velocity  remained  the  same  during  the  whole  scavenging 
period.  Actually  the  pressure  and  temperature  effects  of  the 
opening  action  of  the  inlet  valve  would  increase  the  exit  velocity 
from  that  given  by  column  27.  This  is  negleoted.  Columns  29 
and  30  give  the  two  pressures.  The  impulse  of  these  gases  is 
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then  computed.  In  columns  31,  32  and  33  which  when  added  give 
the  impulse  during  scavenging  {oolumn  34).  The  impulse  of  the 
intake  air  Is  given  by  oolumn  35.  The  net  impulse  is  given 
by  oolumn  36.  The  total  duration  of  the  cycles  are  obtained 
£rom  Figures  5 and  6 (Reference  1). 

If  the  valves  require  a finite  time  "t"  to  open  and  dose  • 
(Figure  3)  then  the  mass  that  will  flow  into  the  tube  while  the 
inlet  valve  is  open  will  be  re.uoed  from  that  of  the  ideal  oyole. 
This  also  reduces  the  maximum  oyole  pressure.  The  reduction  of 
these  two  parameters  causes  a reduction  of  thrust  and  specific 
thrust  and  an  increase  in  specific  fuel  consumption. 


Figure  3 
Valve  Diagram 


In  Figure  3 "a"  is  the  actual  time  the  inlet  valve  is  opened 
totally  or  partially.  This  is  obtained  from  Figures  5 to  8.lRef.l' 
It  is  assumed  that  if  the  inlet  valve  was  fully  open  for  the 
period  of  time  "a"  then  the  ideal  mass  would  have  entered  the 
tube.  Therefore,  the  ratio  of  the  actual  mass  per  cycle  to  the 
ideal  mass  per  cycle  would  be 


Q.-' t _ , _ t_ 

cl  ~ 


(2) 


The  percentage  decrease  in  thrust  due  to  the  reduction  of 
mass  flow  is  then 


6U 


(3) 


The  percentage  decrease  in  maximum  oyole  pressure  due  to  the 
decrease  in  mas3  per  cycle  is  then  't/a.  , and  the  further  per- 
centage decrease  in  thrust  due  to  doorcase  in  maximum  cycle 
pressure  is 
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Where  K la  given  by  Figure  26  of  Reference  2* 

The  ideal  thrust  is  then  reduced  by 

0-£X'-k£)  (8) 

The  specific  thrust  is  reduced  by 

(i-k£)  (6) 

The  speoific  fuel  consumption  is  increased  by 

(i-xh  (?) 

The  above  considerations  explain  columns  38  to  46  and  49  and  50* 
The  fuel-air  ratio  is  found  from  Figure  10  of  Reference  1. 

Table  II  gives  the  computations  for  the  subsonic  flight 
velocities.  Since  columns  1 to  19  are  similar  to  those  of 
Table  I they  are  not  repeated. 

Column  20  gives  the  expansion  ratio  during  the  discharge 
phase.  Column  21  gives  the  impulse  which  is  found  from  the 
curve  of  Figure  33  in  Reference  2.  For  the  subsonic  flight 
Mach  numbers,  the  pressure  in  the  tube  is  allowed  to  drop  to  Pot. 
(where  M defines  P0- t ) since  the  variation  of  Pot  for  Oi  M ^ 

0. 75. 0ausefl  a very  small  variation  in  the  impulse  ( < 3 cJo)  t 0 

differences  in  the  impulse  curve  for  the  subsonic  flight  vel- 
ocities were  neglected.  The  curve  of  Figure  33  (Reference  2, 
was  sufficiently  accurate  far  this  purpose.  Columns  23 1 24 

and  25  of  Table  II  are  similar  to  columns  23,  24  and  25  of  Table 

1.  The  exit  nozzle  pressure  during  scavenging  was  assumed  to 
be  equal  to  the  velooity  of  the  inlet  fuel-air  mixture  (i.e. 

M , a,  )•  The  impulse  of  the  scavenged  gases  are  therefore, 
given  in  column  26,  The  rest  of  the  columns  are  similar  to  those 
of  Table  I, 

Columns  51  to  57  of  Table  I and  Columns  43  to  49  of  Table 
II  give  the  drag  and  thrust  coefficients  of  a typioal  supersonic 
missile  with  a wing  area  of  425  square  feet,  powered  by  4 of  the 
36”  diameter  engines.  The  thrust  and  drag  coefficients  are 
referred  to  the  wing  area  and  the  drag  coefficients  are  obtained 
from  Figure  17(a)  of  Reference  1. 
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